Charge transfer in FeOCl intercalation compounds and its pressure dependence: An 

x-ray spectroscopic study 
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We present a study of charge transfer in Na-intercalated FeOCl and polyaniline-intercalated FeOCl 
using high-resolution x-ray absorption spectroscopy and resonant x-ray emission spectroscopy at 
the Fe-K edge. By comparing the experimental data with ab-initio simulations, we are able to 
unambiguously distinguish the spectral changes which appear due to intercalation into those of 
electronic origin and those of structural origin. For both systems, we find that about 25% of the Fe 
sites are reduced to Fe 2+ via charge transfer between FeOCl and the intercalate. This is about twice 
as large as the Fe 2+ fraction reported in studies using Mossbauer spectroscopy. This discrepancy 
is ascribed to the fact that the charge transfer occurs on the same time scale as the Mossbauer 
effect itself. Our result suggests that every intercalated atom or molecule is involved in the charge- 
transfer process, thus making this process a prerequisite for intercalation. The Fe 2+ fraction is found 
to increase with pressure for polyaniline-FeOCl, hinting at an enhancement of the conductivity in 
the FeOCl intercalation compounds under pressure. 

PACS numbers: 78.70.Ck, 82.30.Fi, 71.28.+d, 71.20.Tx 
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I. INTRODUCTION 

Organic electronics holds technological promise for var- 
ious emerging application areas. This has stimulated a 
great deal of research into the transport and optical prop- 
erties of conducting polymers for the past two decades^. 
From the characterization viewpoint, the ability of some 
inorganic layered compounds to intercalate polymers in 
their intralamellar space is particularly attractive, as it 
enables confining the polymer chains in a well-defined 
environment. Besides, the resulting organic-inorganic in- 
tercalation hybrids often exhibit novel magnetic and elec- 
tronic properties'' 

At the heart of the interaction between the inorganic 
host matrix and the intercalated guest lies a charge trans- 
fer, which results in partial reduction of the matrix' A 
strongly oxidizing host is therefore key to a successful in- 
tercalation, providing the driving force for an optimum 
uptake of guest molecules. As such, iron oxychloride has 
long been of interest, known to intercalate a great vari- 
ety of species owing to its high oxidizing power' The fact 
that the charge transfer can induce perturbations in the 
physical properties of the host underlines the necessity 
of quantitative measurements of the amount of charge 
transferred from the guest to FeOCl. Such measure- 
ments, using Mossbauer spectroscopy, have been previ- 
ously reported They disclosed that the charge trans- 
fer can be understood as a thermally-activated electron 
hopping process occurring on the Mossbauer time scale 
(~ 10 -8 s), which can be written as 

FeOCl + nl ^ Fe?±„Fe, 2 + + nl+ 

where I stands for the intercalate, and n is the fraction 
of the intercalate involved in the charge transfer. 



Mossbauer spectroscopy has been instrumental in ex- 
ploring the temperature dependence of the frequency 
of the hopping process. However, the contributions of 
the Fe 2+ and Fe 3+ fractions to the Mossbauer spectrum 
change as a function of temperature, hindering the quan- 
titative estimation of the d electron count. By employing 
a faster probe like x-ray absorption spectroscopy, distinct 
Fe 2+ and Fe 3+ states should be observed irrespective of 
the temperature, thus permitting a quantitative analysis 
of the charge state free of electronic-relaxation effects. 
Using x-ray absorption spectroscopy in the partial flu- 
orescence yield mode (PFY-XAS), a probe of the elec- 
tronic structure with a ~ 10~ 16 s time scale, we have 
quantitatively analyzed the charge transfer in FeOCl in- 
tercalated with Na and FeOCl intercalated with polyani- 
line (designated hereafter as Na-FeOCl and PANI-FeOCl, 
respectively). Our main finding is that the Fe 2+ fraction 
is about 25% for both intercalation compounds, which 
is significantly larger than the fractions estimated by 
Mossbauer spectroscopy This result indicates that all 
the atoms or molecules accommodated in the host lattice 
are involved in the charge-transfer process. Under exter- 
nal pressure, the degree of charge transfer is observed to 
increase in PANI-FeOCl, reflecting the increased guest- 
host interaction. 



II. EXPERIMENT 

Polycrystalline iron-oxychloride FeOCl was prepared 
by the chemical vapor transport technique^' The com- 
position of the Na-intercalated sample was estimated to 
be Na .27FeOCl. The composition of the PANI-FeOCl 
sample used in this study was not measured, but is con- 
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sidcrcd to be very close to the composition of the sample 
prepared according to the same experimental procedure 
in Ref. [H, (PANI) .i 6 FeOCl. 

The experiment was carried out on the Taiwan beam- 
line BL12XU at SPring-8 in Japan. The undulator beam 
was monochromatized by a pair of Si(lll) mirrors , and 
focused to a spot size of 120 (horizontal) x 80 (verti- 
cal) /im 2 at the sample position using a toroidal mirror. 
A Rowland-type spectrometer equipped with a 1-m bent 
Si(531) crystal and a solid-state detector was used to an- 
alyze the Fe K/?i.3 (3p —J- Is) emission line. The overall 
energy resolution was about 1.1 eV. The absorption edges 
were measured using PFY-XAS, by collecting the inten- 
sity at the maximum of the Fe K^i 3 emission line while 
scanning the incident energy across the Fe-K edge. The 
as-obtained spectra benefit from a higher energy resolu- 
tion than conventional XAS. This technique has proven 
useful in isolating the K pre-edge of transition metals 
from the background of the main edge ; 13 ' 14 most notably 
for metals in an octahedral environment which are char- 
acterized by a weak pre-edge feature, such as FeOCl. 15 
Resonant x-ray emission spectroscopy (RXES) data were 
obtained by measuring the 3p — > Is radiative decay fol- 
lowing an excitation in the vicinity of the K edge. 

Full multiple scattering simulations of the correspond- 
ing XAS spectra were performed with the FDMNES 
codei^ within the muffin-tin approximation. For the 
high-pressure measurements, we used a Merrill-Bassett 
type diamond anvil cell, with both the incoming and 
emitted x-rays passing through the Beryllium gasket. 
Silicone oil was used as pressure transmitting medium, 
and pressure was estimated by the ruby fluorescence 
method. 17 Since the samples are hydroscopic, all han- 
dling was done in a glove-box under Ar atmosphere, and 
the samples were kept under vacuum throughout the 
ambient-pressure measurements. 



III. RESULTS AND DISCUSSION 
A. FeOCl and Na-FeOCl 

1. Interpretation 0} the K edge lineshape 

The PFY-XAS spectra measured at the Fe-K edge 
for FeOCl and Na-FeOCl are shown in Fig. 1. The 
main edge, which corresponds to the dipolar transitions 
Is — > Ap, is presented in the bottom panel. The spectra 
are normalized in intensity to their area. An enlarged 
view around the first peak of the derivative of the spec- 
trum, based on which we estimate the energy of the ab- 
sorption edge, is shown in the top-left panel. Since Fe 
is in a centrosymmetric environment, the pre-edge arises 
mainly from Is — > 3d quadrupolar transitions 1 —, and is 
therefore particularly weak (~ 1/50 of the intensity of 
the main edge). Accordingly, it is plotted separately from 
the main edge for visibility, in the top-right panel. In the 
main edge, it is noteworthy that the feature at ~ 7123 eV 
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FIG. 1. (Color online) (bottom) PFY-XAS spectrum mea- 
sured for FeOCl (solid line) and Na-FeOCl (dots), (top left) 
Enlarged view of the low-energy peak of the first derivative 
of the PFY-XAS spectra, (top right) Enlarged view of the 
pre-edge region. The arrow points to the low-energy shoulder 
which appears on substitution, attributed to the 4 Ti s state 
of high-spin Fe 2+ . 



is well resolved in the present data, whereas it is barely 
distinguishable from the broad tail of the lower- energy 
white line in the conventional XAS spectrum in Ref. Ila . 
This highlights the usefulness of the resolution gain of 
the PFY-XAS technique. It is precisely this feature that 
appears to be the most sensitive to Na intercalation, as 
it is noticeably stronger in the spectrum of Na-FeOCl. 
This induces a decrease of the absorption threshold by 
W?i=-0.6 eV, as estimated from the peak energies in the 
derivative spectra shown in the top-left panel. Simulta- 
neously, a slight shift of the maximum of the two white- 
line features at 7129 and 7134 eV by 5E 2 =-Q.3 eV and 
(5£ , 3=-0.5 eV, respectively, is caused by Na intercalation. 

The K edge of transition metals is known to contain 
both structural and electronic information, sometimes 
rendering its interpretation difficult This is especially 
the case here since the intercalation process in FeOCl in- 
volves both structural and electronic changes. In order 
to help discern between the two, we performed numer- 
ical simulations of the Fe-K edge using the FDMNES 
code. With this program, the density of states are cal- 
culated within the full multiple scattering framework, 
and the transition matrix elements are computed in the 
dipole approximation for the absorption process between 
the initial state ls 2 4p° and the final state ls 1 4p 1 . All 
simulations were performed for a cluster radius of 4.0A. 
The spectrum simulated for FeOCl using the lattice pa- 
rameters reported in Ref. [H a=3.2992ll, 6=3.774501, 
c=7.90852A, is shown in Fig. 2. The relative energy po- 
sitions and intensities of the main spectral features are 
seen to be in good agreement with the experimental spec- 
trum. 
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FIG. 2. (Color online) (top) FDMNES simulations of the XAS 
spectrum for FeOCl using the structure of the pristine (solid 
line) and intercalated (dots) materials. An enlarged view of 
the low-energy peak of the first derivative of the simulated 
spectra is shown in the inset. 



The intercalation process has been commonly reported 
to cause a slight expansion of the lattice parameters a and 
b, while c is doubled and expanded ,L2iI2 The doubling of 
c is ascribed to a shift of (a/2,6/2) in the stacking of the 
bilayers, while the expansion, varying between 30 and 70 
% depending on the studies, is that of the intercalation 
gap. Since the interlayer interactions are not included in 
our simulations, we used the same value of the c param- 
eter for the spectrum of pristine and intercalated FeOCl. 
An expansion of a and b by 1.5% with respect to FeOCl 
was considered. This is the expansion reported for PANI- 
FeOCl in Ref. LL2j and is in line with the reports for other 
intercalates! 7 ' 9 ' 20 In Fig. 2, the comparison between the 
spectra simulated for the pristine and expanded lattices 
enables us to pinpoint the intercalation-induced changes 
in the K-edge spectrum that result solely from structural 
changes, without any modification of the Fe d electron 
count. 

The simulated spectra are found to emulate remark- 
ably well the 8E2 and 5E 3 shifts of the white lines 
towards lower energies observed between the experimen- 
tal spectra of FeOCl and Na-FeOCl (cf. 5E 2 and SE 3 
in Fig. 1 and SE 2 s and SE 3S in Fig- 2). Those shifts 
are plainly consistent with the fact that the longer the 
bond the lower the bond energy. The 7123-eV structure, 
on the other hand, seems to be nearly unaffected by 
the lattice expansion. The low-energy peak of the 
first derivative is found to shift slightly towards higher 
energies, probably because of the increased overlap with 
the tail of the 7129-eV peak. This structural shift is 
estimated to be SE ls =+0.3 eV (cf. inset of Fig. 2). This 
demonstrates that the low-energy shift SEi~-0.6 eV 
observed between the edges of the experimental spectra 
of FeOCl and Na-FeOCl is purely of electronic origin, 



corresponding to the partial reduction of the Fe sites 
upon intercalation. We deduce this electronic shift of 
the edge to be about SEi E =SEi-SEis=-0.9 eV. 



2. Degree of charge transfer: Estimation 

Having identified the salient changes in the absorption 
spectrum due to Na intercalation, we now turn to the 
semiquantitative analysis of the charge transfer between 
Na and the host matrix. We first limit our attention 
to the main edge. It is widely accepted that a linear 
relation between the K edge shift and the valence state 
can be drawn for metals that have the same ligand i 21 ' 22 
The edge shift was reported to be 4.5 eV between Fe 2+ 
and Fe 3+ for Fe atoms coordinated to oxygen ligands, 
and 3.7 eV for chlorine ligands 22 . Assuming that in the 
oxychloride case the edge shift is intermediate between 
these two values (~4.1 eV), we estimate from the edge 
shift <5£ie=0.9 eV that about 22% of the Fe sites are 
reduced to Fe 2+ in Na-FeOCl. 

The good agreement between the experiment and the 
simulations for the structural dependence of the absorp- 
tion lineshape motivated us to extend the FDMNES cal- 
culations to the study of the charge transfer. To this end, 
we performed calculations of the Fe-K edge for an artifi- 
cial compound with the composition FeCl2 isostructural 
to intercalated FeOCl, in order to mimic the spectral 
changes associated with the increase in the Fe d count 
upon intercalation. This compound is named hereafter 
FeClCl. A comparison of the spectra simulated for Fe- 
C1C1 and FeOCl is shown in Fig. 3. The spectrum of 
FeClCl exhibits a notable shift of spectral weight towards 
lower energies, with the white line pointing at 7127 eV 
and a low-energy shoulder located around 7122 eV. We 
point out the resemblance between the simulated edges 
of FeOCl and FeClCl and the spectra measured for an- 
dradite and siderite in Ref. [3 respectively. Andradite 
and siderite are minerals which contain high-spin Fe in 
an octahedral environment, trivalent for the former and 
divalent for the latter. These similarities lend experi- 
mental support to our simulations. We find that a linear 
combination of the simulated spectra 0.72xintercalated- 
FcOCl+0.28x FeClCl yields an absorption edge lower 
than that of simulated FeOCl by 0.6 eV (cf. top-left 
panel of Fig. 3), equal to 8E\. This suggests a Fe 2+ frac- 
tion of about 28% in Na-FeOCl, in good agreement with 
the estimate based on the edge shift presented above. 

To complete our analysis of the charge transfer we now 
take a moment to disuss the pre-edge. The average cen- 
troid of the pre-edge structure has been shown to be 
correlated in a linear fashion with the oxidation state 
of the metal provided the coordination number remains 
unchanged . 23 ' 24 As seen in the top-right panel of Fig. 1, 
the pre-edge feature exhibits a shift of spectral weight 
towards lower energies between FeOCl and Na-FeOCl, 
indicated by the arrow. We attribute this to the growth 
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FIG. 3. (Color online) (bottom) FDMNES simulations of 
the XAS spectrum for pristine FeOCl (solid line) and the 
artificial compound FeClCl (dashed line), along with the 
linear combination of simulated spectra 0.72xintercalated- 
FeOCl+0.28xFeClCl (dots), (top left) Enlarged view of the 
low-energy peak of the first derivative of the spectra shown in 
the bottom panel, (top right) Enlarged view of the pre-edge 
region of the PFY-XAS spectrum measured for andradite, and 
the linear combination 0.73xandradite+0.27xsiderite. The 
andradite and siderite spectra are taken from Ref. [Til . The 
arrow indicates the low-energy shoulder ascribed to the 4 Ti ff 
state of high-spin Fe 2+ . 

of the 4 Ti g state of high-spin Fe 2+ j2£ We estimate the 
associated shift of the centroid to be -0.3 eV. Based on 
a previous estimation of the centroid shift between Fe 2+ 
and Fe 3+ of 1.4 eV^^^l we estimate that the -0.3-eV 
shift corresponds to a reduction of 21% of the Fe sites due 
to Na intercalation. As an alternative approach, we also 
used a linear combination of the pre-edges of andradite 
and siderite from Ref. [Tj]. A centroid shift of -0.3 eV 
is obtained for the linear combination 0.73 x andradite 
(Fe 3+ ) +0.27 x siderite (Fe 2+ ), whose spectrum is shown 
in the top-right panel of Fig. 3. 



3. Degree of charge transfer: Discussion 

The values of the Fc 2+ fraction in Na-FeOCl estimated 
by the different methods presented in the previous sub- 
section are summarized in Table 1. The average frac- 
tion is ^0.25. We estimate the error on each of these 
individual fractions to be in the order of ± 0.05, and 
propose to use the range of the different estimates, ± 
0.035, as the error on the average fraction. Our value of 
the Fe 2+ fraction is about twice as large as the estimates 
based on Mossbauer spectroscopy for different guests and 
various intercalation stoichiometries between 0.05 and 
0.36j&~— It is well known that the host-matrix charge 
transfer corresponds to an electron hopping mechanism 
with a time scale on par with that of the Mossbauer effect 



TABLE I. Fraction of Fe estimated in this study by differ- 
ent methods: Shift of the pre-edge centroid (pre-edge shift), 
linear combination of the pre-edge spectra of andradite and 
siderite (pre-edge fit), shift of the low-energy peak of the first 
derivative of the absorption spectrum (main edge shift), and 
linear combination of the simulated absorption edges (main 
edge fit). 
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(~ 10~ 8 s). 6 ~ 8 Since this is a thermally-activated pro- 
cess, the fraction of Fe 2+ and Fe 3+ sites that are undis- 
tinguishable and appear as a mixed-valence component 
in the Mossbauer spectrum increases with temperature. 
Accordingly, the previously reported Fe 2+ fractions were 
estimated using the spectrum collected at the lowest pos- 
sible temperature, just before the onset of antiferromag- 
netism near T/y=65 K£~— Below this temperature, the 
magnetic order splits the spectral lines into unresolved 
sextets, thereby precluding any quantitative determina- 
tion of the Fe 2+ /Fe 3+ ratio. It is however likely that the 
spectra collected just above T/v are still affected by the 
electron-hopping relaxation time, resulting in lower Fe 2+ 
fractions^ Following this idea, we extrapolated the tem- 
perature dependence of the Fe 2+ fraction reported by 
Fatseas et alfl towards lower temperatures, and obtained 
a fraction of 0.25 at K, in perfect agreement with our 
estimation. While reconciling the Mossbauer and PFY- 
XAS analyses, this observation underscores the impor- 
tance to resort to x-ray spectroscopic probes for quanti- 
tative studies of thermal fluctuating valence states. We 
note that this work constitutes, to our knowledge, the 
first quantitative estimation of the charge transfer in an 
FeOCl intercalate using an x-ray spectroscopic technique. 

Our estimate of the Fe 2+ fraction in Nao.27FeOCl inter- 
estingly suggests that the ionization of the guest material 
is complete within the analysis error. This is in con- 
trast with the long-held view based on Mossbauer results 
that the ionisation is partial, irrespective of the nature 
of the guest and of the intercalation stoichiometryf£&i£ 
Whereas those studies implied that the charge transfer 
process is limited by the relatively small number of elec- 
trons that the FeOCl layers can accept, our study rather 
suggests that the charge transfer, because involving each 
intercalated Na atom, acts as a prerequisite for interca- 
lation. While this scenario has yet to be confirmed by 
a systematic measurement of FeOCl with different guest 
species and stoichiometries, it is qualitatively supported 
by the fact that FeOCl has about the highest oxidizing 
power among the generally used layered host lattices.— 
It is then conceivable that other less reactive host com- 
pounds, on the other hand, only partially reduce the 
guest material. 
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FIG. 4. (Color online) Incident-energy dependence of the 
Is3p-RXES spectra obtained for FeOCl (top) and PANI- 
FeOCl (bottom), along with their respective PFY-XAS spec- 
trum. The vertical offset of the RXES spectra corresponds 
to the incident-energy axis of the PFY-XAS spectra. The 
oblique and vertical dashes lines highlight the fluorescent and 
Raman-like dispersions, respectively. The RXES spectrum 
measured for FeOCl at 7130 eV is superimposed to that of 
PANI-FeOCl in the bottom panel (crosses). 



B. FeOCl and PANI-FeOCl 

1. Ambient pressure 

The Is3p-RXES spectra measured across the if -edge 
for FeOCl and PANI-FeOCl are presented in Fig. 4 along 
with the absorption spectra measured in the PFY mode. 
The RXES spectra are plotted as a function of the trans- 
fer energy, which is defined as the difference between the 
incident and emitted photon energies. They are ver- 
tically shifted in correspondence with the energy axis 
of the PFY-XAS spectrum. The energy of the edge of 
PANI-FeOCl is found to coincide with that of Na-FeOCl, 
which suggests a Fe 2+ fraction of —0.25 in PANI-FeOCl 
too. This fraction is greater than the intercalation sto- 
ichiometry, ~0.16, which can be explained by the pres- 
ence of a lone pair of electrons in PANI, possibly result- 
ing in a stronger donor ability than Na. Besides, this 
result agrees with our conjecture that every intercalated 
molecule is involved in the charge transfer. 

K-edge RXES can been used as a tool to qualitatively 
characterize the degree of localization of the empty 3d 
and Ap states of transition metalsj 14 i 28 ' 29 This is done by 
separating the Raman and fluorescence channels which 
coexist in the RXES spectra. These two channels exhibit 
distinct behaviors upon increasing the incident energy, as 
the Raman signal stays at constant transfer energy while 
the fluorescence disperses linearly towards higher trans- 
fer energies. The Raman process is considered to be a 



coherent second-order optical process, corresponding to 
transitions to a localized intermediate state \s 1 3d n+1 . 
In contrast, the non-coherent fluorescence is usually as- 
cribed to transitions to a delocalized intermediate state 
ls 1 3d n Ap n+1 . The incident energy of the crossover be- 
tween the Raman and the fluorescence regimes yields 
information about the relative extents of the localized 
and band states. For both FeOCl and PANI-FeOCl, the 
transfer energy of the main peak is found to track the in- 
cident energy throughout the range of incident energies of 
the experiment, as indicated by the oblique dashed lines 
in Fig. 4. The absence of Raman behavior for the main 
peak down to the pre-edge region points to delocalized 
unoccupied Fe 3d states. This delocalized character can 
be readily explained by strong hybridization between the 
Fe 3d states and the 2p states of the neighboring O and 
CI atoms. Furthermore it shows that the electronic struc- 
ture of FeOCl, semiconducting with a 1.9-eV gap; 10 ' 30 is 
not governed by strong electronic correlations. 

In the spectra of FeOCl, we discern some additional 
spectral weight emerging around a fixed transfer energy 
of —64 eV between the pre-edge and the main edge. 
Its intensity increases with the incident energy, until 
it merges with the main, fluorescent-like signal around 
7123 eV. Since this incident energy corresponds to the 
lowest-energy feature of the main edge, we interpret this 
Raman signal in terms of transitions into the lowest- 
unoccupied, narrow Fe Ap band. Hence, from the per- 
spective of RXES, the low-energy unoccupied Fe Ap states 
of FeOCl appear to retain a somewhat localized charac- 
ter. We notice that this Raman feature has virtually dis- 
appeared in the PANI-intercalated compound, suggesting 
that the lowest-unoccupied Ap band is more diffuse than 
in FeOCl. While the 3d states are known to be the elec- 
tron acceptor level 3 ^ associated with the increased con- 
ductivity on intercalation ; 10 i 1 1 this finding interestingly 
reveals that the enhanced electronic itinerancy in the in- 
tercalation compound is reflected in the Ap band too. Fi- 
nally, the spectrum taken on FeOCl at an incident energy 
of 7130 eV is superimposed with that of PANI-FeOCl in 
the lower panel of Fig. 4. Both lineshapes are found to 
be identical, and the relative intensity of the Kf3' satellite 
around 86-eV seems consistent with a high-spin stated 2 - 



2. High pressure 

Optimizing the electronic conductivity of the FeOCl 
intercalation compounds is essential for their potential 
application as cathode material in secondary batteries. 33 
PANI intercalation results in a p-type semiconductor be- 
havior and a substantial increase in the conductivity in 
the order of 10 5 ~ 10 6 O" 1 .cm- 1 The fact that the 
conductivity of the intercalated FeOCl systems is gov- 
erned by the 3d electron hopping mechanism in the par- 
tially reduced FeOCl layers 5 suggests that increasing the 
extent of charge transfer between the guest and the host 
could enhance the conductivity. One may instinctively 
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FIG. 5. (Color online) (top left) Pressure dependence of the 
PFY-XAS experimental spectrum of FeOCl. (top right) Sim- 
ulation of the pressure dependence of the XAS spectrum of 
FeOCl using FDMNES. (bottom left) Pressure dependence of 
the PFY-XAS experimental spectrum of PANI-FeOCl. (bot- 
tom right) Enlarged view of the region delineated by the 
dashed lines in the bottom left panel. In all plots, the ar- 
row indicates the direction of increasing pressure. 



expect the charge transfer to increase with increasing 
the host-guest interaction. To test this idea, we have 
measured the Fe-K PFY-XAS spectrum on PANI-FeOCl 
subjected to external pressure. 

We start by presenting the high-pressure data obtained 
on pristine FeOCl. The pressure dependence of both ex- 
perimental and simulated Fe-K edges is presented in the 
top panels of Fig. 5. The spectra are normalized in 
intensity to their area. For the simulations, since no 
high-pressure structural data on FeOCl is available in 
the literature, we used the relative changes in the lat- 
tice parameters of TiOCl under pressure reported in Ref. 
l35l . The compression was found to be anisotropic, largest 
along c. In the experimental PFY-XAS spectra, as pres- 
sure is increased up to 5.1 GPa, an edge shift is seen 
to occur as a result of transfer of spectral weight from 
the two lower-energy structures towards the 7135-eV cen- 
tered peak. Because lower-energy features correspond 
to longer metal-ligand bonds, the growth of the 7135- 
eV peak at the expense of the two lower-energy peaks 
indicates that the longer basal Fe-0 and Fe-Cl bonds 
are more affected by the compression than the apical, 
shorter Fe-0 bonds parallel to the a axis. Although the 
simulated spectra reproduce qualitatively the pressure- 
induced edge shift, the 7135-eV peak is found to shift too 
and its intensity is less affected than in the experiment. 
The discrepancy with the experiment could be indicative 
of an even more anisotropic compression in FeOCl than 
in TiOCl. 

The pressure dependence of the experimental spectrum 



of the PANI-intercalated compound shows an opposite 
behavior, with a decrease of the edge energy under pres- 
sure, as seen in the bottom panels of Fig. 5. The compar- 
ison with FeOCl points to an electronic origin of the edge 
shift for PANI-FeOCl, i.e., an increase of the ratio of the 
reduced Fe 2+ sites as pressure is increased. The peak in 
the first derivative did not show a clear change as a func- 
tion of pressure. Alternatively, we tentatively used the 
shift of the edge at half-maximum (6E a and SEf, in Fig. 
5) to make a rough estimate of the Fe 2+ fraction, which 
we find to increase from 0.25 at ambient pressure to ~ 0.3 
at 4.1 GPa and ~ 0.4 at 6.5 GPa. Although these values 
are approximate and probably overestimated, they seem 
to suggest that all the PANI molecules have donated their 
two electrons to the FeOCl matrix at 6.5 GPa. 

Such a pressure-enhanced charge transfer is in line with 
the intuitive idea that, as the contact area between PANI 
and FeOCl increases under compression, electrons are be- 
ing drawn from PANI to FeOCl with more ease. Besides, 
the electrons donated by the guest were proposed to go 
in an unoccupied antibonding Fe-0 orbital using cluster 
calculations. 31 Under pressure the crystal field splitting 
of the Fe site increases, which should cause the lowest 
unoccupied minority-spin ti g level, and consequently the 
acceptor Fe-0 level, to be shifted down in energy. This 
process too should favor the charge transfer with PANI. 
We note that a previous study on the graphite interca- 
lation compound C24SbCls reported an increased con- 
ductivity both along the c axis and in the basal plane 
under pressured Whereas the increase of the c-axis con- 
ductivity was ascribed to the decrease in the interlayer 
separation, no sound explanation was proposed for the 
increase of the basal-plane conductivity. Based on our 
results, it would seem plausible that an increase in the 
degree of charge transfer accounts for the increase of 
the basal-plane conductivity in the graphite intercalation 
compound. 



IV. CONCLUSION 

We have estimated the degree of charge transfer in Na- 
FeOCl and PANI-FeOCl using PFY-XAS at the Fe-K 
edge. For both intercalates, we find that the fraction of 
Fe sites reduced to Fe 2+ amounts to about 25%. This 
result contrasts with previous studies using Mossbauer 
spectroscopy which reported substantially smaller Fe 2+ 
fractions. Because the charge transfer and the Mossbauer 
effect have comparable time characteristics, we believe 
that our estimation, employing a significantly faster 
probe, is more reliable. Our estimated Fe 2+ fraction is on 
par with (Na) or larger than (PANI) the intercalate con- 
centration. This shows that, contrary to what has been 
thought so far, the charge transfer involves every atom or 
molecule of the intercalate, therefore stressing the crucial 
role played by the charge transfer in the intercalation pro- 
cess. Using RXES, we have observed signatures of elec- 
tron derealization in the Fe unoccupied 4p states upon 
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PANI intercalation. Finally, the last part of our study 
disclosed that the charge transfer in PANI-FeOCl can be 
enhanced through the application of external pressure. 
This finding is evocative of a pressure-induced increase 
in conductivity in the FeOCl intercalated compounds, 
and could therefore be of interest for their application as 
cathode material. 



sions about Mossbauer spectroscopy and FDMNES sim- 
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